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ABSTRACT

A mgthematical model of the thermal responses of man in space is
presented. The model describes the heat-transfer processes within
the human body, simulates the human thermoregulatory system, and deter-
mines the thermal interchange of men with his enyironment. Any environ-
ment can be utilized with the model, whether it be deep space or earth
sea level conditions. 8pace sult and spacecraft cabin envi;onments
are also considered.

The model has the additional capability of determining the thermo-
Physical effects of any enviromment upon a8 man's comfort and well being.

The author wishes-to acknowledge the assistance of the J. B. Plerce
Foundation of Yale University, Mr. James Waligora of the‘NASA-MSC Bic-
medical Research Cffice, and Mr. Allan Chepman of Riée University for

providing much of the basic research upon which this model is based.



INTRODUCTION

fhis report describes a model fof the thermal regulatory system
of the human body; particularly it§ application for use in the severe
environments’ encountered in Project Apollo.- The report initially presents
& generaliied, simplified view of the model. The basic equations of
heat transfer are then derived and subsequently, a detailed explanation
of each of the terms of these equations is presented. This includes
heat generation terms (QMETg QSHIV), heat removal terms (QCOND, QCONV,
QRAD, QLCG, QSEN, GLAT, QUG), heat storage terms (QSTOR, STORAT),
thermoregulatory control terms (SWEAT, QSHIV, DILAT, STRiCT), and
various skin temperatures.

The remainder of the reporf is a discussion of the environmental
modes of operation considered. These include normal shirtsleeve operation,
operation in a spacesuit (intravehicular and extra%éhicular), and operation
in a post-landing enviromment. The spacesult and shirtsleeve analyses
may be considered in a closed environment such as a spacecraft cabin,
or én open environment such as a flat plain. The post-landing analysis
is grouped under MISCELLANEOUS CALCULATIONS and treats the problem of
carbon dioxide, water vapor, and temperature buildup associated with a
closed cabin having limited gas flow. The report appendix contains the

specific equations considered for each compartment of the human body.



1.0, MODEL OF THE THERMAL REGULATORY SYSTEM OF THE HUMAN BODY

The human body may‘ge considered in thé same light as a heat
engine., That is, heat is produced (QMET) by the oxidation of fuel
(food) for energy, and heat is dissipated by conduction, convection,
radiation and mass transfer at the skin surfaces. Heat produced in
excess of that which can be dissipated will be stored in the tissues
(QSTOR), with a resulfing rise in body temperatures. Values of QSTOR
in éxcess of LOO Btu's are equivalent to high body temperatures indi-
cative of 1life function deterioratidn. The heat balance is depicted
in Figure 1.

The simulation model divides the body intg 8ix elements; head,
trunk, arﬁs, hands, légs, and feet. Each consists of central blood,
core and/or muscle, and skin nodes. There are fourteen distinct coﬁ-’.
partments, each compartment assumed to be at a uniform temperature
and having a diécreet temperature distribution (Figure 2).

Heat generated in each compartment (QMET), is transmitted by
cohvection to the blood (QCONV), and by conductiqn to adjacent com-
partmeﬁfs(QCOND). For skin compartments, convection to a gas stream
(QSEN)y radiation to walls or. the suit interior surfaces (QRAD), latent
'evapora_tion (QLAr); and conduction to a thermal undergarment (QUG),
‘with selective conduction to a liquid cooled garment (QLCG;;are all

considered as avenues of heat dissipation.

-

*Optional
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The general equation for each compartment is written in the form
of a heat balance: Simply: Heat Stored = Heat in - Heat ocut

For the core: (See Figure 3), -

" : t
[Mass] [C_ ] | dTcore ‘ C .
P core‘ EE——~— = QMET core " QCOND- = QCONV
For the muscle: \
P )
[Mass] [C_] . _dTmuscle ' ’ .
= e e T + - -
P muscle at ) QME?muscle QCOND QCOND -~ QCONV
For the skin: e
[Mass] [C ] .. d Tskin . )
: = T - - - -
p skin Ers . QME—skin + QCOND QCONV - QRAD

QSEN - QLAT - QLCG *

The muscle compartment is added formregions éf the body having
considerable muscular development. This includes all compartments
except the.héad. For the trunk, the muscle compartment 1s sandwiched
between the core and the skin. For the extremities (which are mostly
muscle) the muscle compartment replaces the core. The heat galance
procedure for each cpmpartment follows the general guidelines outlined

above and is shown in Appendix A.

*Option
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QMET-
The heat generated by the body (QMET or RM) consists of a basal
metabolic rate for each compartment and a work rate over and above
this; required for performing every-day tasks. This excess work 1s
generated in the muscle compartments,land, as a conseqguence of the
relative inefficiency of the body as a heat engine, most of the work
is lost in the form of heat. That work which is not lost is con-
verted directly into mechanical energy (ﬁ), féquired.to pefform a.
given task. Heat may also be generated by shivering. Thus, RM may
be increased above basal (284 Btu/hr) by either imposing a work load
on the muscles or shivering. Shiver (QSHIV) is actually a measure
of the amount of heat that must be generated metabolically to prevent
the body from losing more heat than it is producing. This situation
can only occur in cold environments. The mathematical representation

of QSHIV will be described subsequently in ACTIVE CONTROLLERS.
We may now write the'expressioh for exercise rate or work as follows:
WORK = RM - 284, - U Btu/hr

This is the work actually produced in the muscle tissues that will
enter into the heat balance (since it is all converted to heat). The
"heat generated by WORK -is divided on a percentage basis among the trunk,
arm, and leg muscle. The extremity muscles are not considered as a

significant source of WORK.
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MECHANICAL WORK EFFICIENCY, UEFF

Mechanical- work efficiency (UEFF) is defined such fhat the net
mechanical work performed by a crewman on his surroundings is:

_ UEFF
= 100.

(RM - 28L.)
The total basal metabolic rate required for basic maintenance of the
body is approximately 284 Btu/hr. UEFF, mechanical wérk'efficiency,

is actually a function of metabolic rate and the ty?e of work being

done.
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QCOND

Radisal cqnduction between compartmenté is characterized by heat
transfer between two or three diséfete layers of ﬁody'tissue, each
assumed to be at a uniform temperature. Heat transfer is one
dimensional and is likened to conduction through a wall. It is
assumed that lateral conduction is negligible.

Therefore, we may write
v

QcoND = _I%_ AT Btu/hr

KA
Values of 73, are determined empirically for each of the separate
compartments. Thus, we may finally write the conduction terms for -

the trunk compartment as follows:

QCOND = K(Tcore - TmuSCle)trunk for trunk core to trunk muscle

1 -—
QCOND = K (T

muscle Tskin) for trunk muscle to trunk skin

tTrunk



QCONV =,

Heat is tfansmitted to and from every living cell in the body
by the bloodstream. With increased metabolism due to work, shivering
or emotlional reactions, blood flow is variéd from the basal rate to
provide those tissues producing additional energy with an adequate
fuel supply. This also serves to carry away the increased production
of waste products that 1s & consequence of elevated metabolic rates.
Since increases in QMET occur almpst exciusiﬁely in the trﬁnk, arm,
and leg’muscle compartments, it is not surprising that increases in
blood flow (and thus QCONV) resulting from metabolism increases,; are
also limited to these compartments. QCONV, the total heat transferred

to the tissues from the bloodstream is given as:

QCONV. - T) Btu/hr

- mcp<Tblood

where QCONV is the heat transferred from each compartment, m is the
blood flow rate through each compartment, cp»is the specific heat

of the blood, T is‘the‘temperature of the central blood pool

blcood

and T dis the temperature of the individual compartment. Thus,

for example, we may write for the trunk core:

QCONVfrunk (m cp)trunk (Tblood - Ttrunk)

core core core

Btu/hr

- iy

It should be mentioned that the arterial bioodsfream temperature
is assumed to be uniform throughout the body. That is, a central blood
pool contacts all tissue compartments. The speed with which

oxygenated blood leaves the heart and is distributed to the tissues
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is such that 1t can be reasonebly assumed to be isothermal. As
previously mentioned, increases in metabolic rate propagate corres-
ponding increases in m for the‘afﬁ,leg, agd trunk muscle compa;tments.
The blood flow raté to the extremity skin compartmen%s’can also be
regulated.. This is effected as a result of vasodilation or
vasoconstriction, two of the mechanisms utilized by the thermo-
regulatory system for maintaining constant deep body tempe?atures.

These mechanisms are subseéuently described in ACTIVE CONTROLLERS.

Thﬁs, 1t can be seen that blood flow to the muscles and skin
compartments may be varied in response to:metabolic fate and
environmental conditions. It is inﬁeresting to note that m to core
compartments remains unchanged,regardless of external conditions.
This is in accordance with the fact that energy reqﬁirements of the
brain, and other vital organé remain within narrow bounds.
Consequently, blood flow rates to these regions does not vary

significantly.



QSEN
Hea£ removal at the skin surface occurs by ;onvection, evapora-
tion of moisture, conduction to an undergarment and radiation. Con~-
vective heat transfer to a surrounding gas stream (QSEN) is limited
due to the low specific heat of oxygen or air. This is especially
so in a space suit where gas flow rate‘becomes an additiopal limita-
tion. The amount of heat removed by sensible convection to a gas
stream is:
skin

Q,SEN =h A (T - Tgas) Btu/hr ,

where A is skin compartment surface area, h is the heat transfer
coefficient, and Tgas is a mean gas stream temperature. The evalu-
ation of b and Tgas for shirtsleeve and space suit operation will

be described subseguently in 2.0,

11
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QRAD

Radiation heat transfer from the skin compartments can become
significant in spacecraft enviromments. .For each skin compartment,

we determine:
’ L i
QRA!): AR & -
?(Tskin Twall ) , Btu/hr

where 6 = 1713 x 10_12

AR = radiation area of skin compartment, ft.2
‘%= Script F interchange factor

Twéll = spacecraft or cabin wall temperature (or suit interior
wall temperature for suited operation)

o
T .
Tskin and wall are in _R

The script F interchange factor depends upon system geometry

and surface coatings. It will be eﬁaluated subsequently in 2.,0.



QLAT

The most significant and controllablé'element that the human
thermoregulsgtory system has at itsfdisposal.is the prbduction of
sweat. NOrmally,_ﬁnder comfort conditions, a rather nominal quentity
of water evaporates from the skin surface by simple gaseous diffusion
(QDIF). This will be expleined further in MISCELLANEOUS HEAT TRANSFER
"PATHS. Suffice it to say that water is a normal by—produc@ﬂof The
body's metgbolic processes: and since thé partial pressure of water
at the surface of the skin is usually greater (due to these processes)
than the partial pressure of water in the surrounding atmosphere,
diffusion will occur. However, if metabolism (and consequently heat
generation) is increased due to heavy work loads, ete., diffusion,
radiation and sensible convection may not be enough to dissipate the
excessive production of heaf. If this occurs, body temperatures
begin to rise. If'these temperaturés increase appreciably above
their set point or normal values, certain geometrically distributed
sweat glands pour excess water (resulting from the increased metabolic
rate) onto the skin surface (SWEAT), The sweat on the surface of the
skin will then azbsorb heat as it evaporates. The model calculétes
SWEAT for each skin compartment. It is a control function and
depends upon the tempe;gture differential of ce;tain critical body
temperaturesfrom their norm values. 'Itvﬁill be evaluated in greater
detall in ACTIVE CONTROLLERS. As long as the environment (suited or

shirtsleeve) remains within certain bounds, all of the SWEAT on the

13

skin compartment surface will be evaporated. However, if the environment
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-is such that the maximum amount of sweat that can be evaporated (EMAX)
is less than the amount being produced (SWEAT), then the body will

not be able to dissipate the diffefence, and consequently, will store

heat.

This maximum evaporative capacity, EMAX, 1s simply the mass

transfer expression:
= . - D #10L :
EMAX = hD A(VPP(TSkin) V?L(Tdewc)) 1040, Btu/hr

where hD is a mass transfer coefficient,
A is the skin compartment area, and

D . o ke -
VPE (Tskin) and VPP <Tdewc) are partial water vapor pressures

evaluated at the skin surface and in the gas stream,respectively.
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QLcs

To remove excess heat generated during high work loads, a
1iquid cooled garment (LCG) has been developed for Apollo astronauts.
The garment utilizes cool water through a network of small tubes
covering the skin to absorb heef and avoid or reduce heat storage.
During extravehicular activities (EVA), this mode of heat removal
‘ is the most significant. The model simulates the LCG heat removal
(QLCG) by equating water temperature ris€ across the LCG~wi£h heat
transfer from the skin to the water. Thus,

QLCG = WF cp (TW

out ) Btu/h;

- TW = UA(T. - T
Twin) U ( skin Twater

where WF = LCG water flow rate, 1bs./hr

C_ = Specific heat of liquid (= 1 for water), Btu/lb—oF

p
TW, = water inlet temp. (input),°F
W = water outlet temperature,oF

out :

UA = LCG effectiveness (determined empirically), Btu/hr-oF
e o
Tskin = Skin compartment temperature, F

"

Twater logarithmic mean water temperature derived to be:

1t

Twater Tskin - - ;[UA/[(WF)(CP)] ]) (Tskin_Tkﬁg(WF)(cp)/UA

‘The current LCG covers only the trunk, arms, and legs and is
split up in the model on a percentage water flow basis. It may be

called as an option in the program during shirtsleeve or suited

operation.
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- In addition, the;e is a small subroutine available which simulates
the sublimator - liquid cooled garment interaction of the Apolio PISS
(portable life support system). This optional routine calculates the
ICG inlet wéier temperature based upon the ﬁanually selected position
of the sublimator diverter valve. For maximum,intermediate, and
minimum cooling, 240, 30, and 9 1bs of coolant per hour, respectively,

are passed through the PLSS sublimator.

A temperature controliér routiné is avallable in this subroutine
to simulate the subjective response of the crewman to the ILCG.
Specif%cally, if the crew shivér rate (QSHIV) exceeds 50 Btu's/hr,
the diverter valve is operated to reduce flow to the sublimator and
increase inlet water temperature. Conversely, if QSTOR exceeds
§O-Btu’s, flow to the sublimator is increased to lower LCG inlet:

temperature.
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MISCELLANECUS HEAT TRANSFER PATHS

In addition to those modes of heat remd?a; previously discussed,
there are several additionsal methods‘that the body utilizes. For the
most part, these miscellaneous avenﬁes do not ‘account for much heat
removal; how¢ver, at high metabolic rates, they may contribute signi-
ficantly towards maintaining stable body temperatures. These paths are
described below: |

a. Respiratory sensible loss - éonvective heat transfer through
the lungs and respiratory tract. Determined empirically as

QRSEN = 0.0418(Pgas)(14k)(Rm) ((Tcore + Tcore ) - Tgas) Cp

head trunk

18,5 (Taes + 560)

where Tgas is the mean gas stream temperature near the head.

p. Respiratory latent loss - evaporative mass transfer through the
luﬁgs and respiratory tract. Detefmined enpirically éé ,

QR = 0.0418(Pgas)(1LL)(Rm) (VPP ((Tcore + Tcore, . )) -

head trunk
'0.8VPP(Tdewc)) {18)(10k0)
(32)(Pgas)

¢. Skin diffusion - evapo:ative loés of moisture from the skin by
diffusion. Determined empirically as CDIF = 6.66A (VPP(Tgpipn) -
VPP(Tdewc)) Btu/hr
where Tskin 1s the ékin compartment temperatgrg (or undergarment temperature

¥

for those campartments covered with clothing).
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STORAT

The instantaneous thermal disposition. of the humen body is
evaluated by performing a heat balance on the overall systen.
That is: A QLAT
: — 1 \
STORAT = RM + QSHIV - (QEVAP + QDIF + QR + QRSEN + QRAD

+ QICG + QSEN + U) Btu/hr

If STORAT is positive, the net, cumulatiye, instantaneous heat
transfer is from the envir;nment to the body. If STORAT is negative
the net.heat transfer is from the body ﬁo the environmentf STORAT
is not to be used as a physiological guiﬁe for crew condition, but
only as a means of moniﬁbring the instantaneous direction of heat
transfer. When STORAT approaches and converges near zero, the

crewman is assumed to have reached steady state conditions.
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QSTOR

Heat produced in excess of that which can be dissipated will be
stored in the tissues with a resulting rise in body temperature.
Heat storage (QSTOR) is calculated according to:

QSTOR = > ¢(I) (T(I) - TSET(I)) , Btu's
I = all

body
compartments

Where C(I) is the heat capacitance of each body compartment, T(I) is

the compartment temperature, and T is the set point or normal

SET(I)
compartment temperature. Values of QSTbR in excess of 300 Btu’é
indicate an interruption of normal performance. That is, normal crew
performance is likely impaired. Values of QSTOR in excess of 400 Btu's
are equivalent’t§ high body temperature or moderaté’fever, with a

distinct possibility of collapse. If QSTOR exceeds TS50 Btu's, 1ife

function deterioration is advanced, frequently with fatal results.
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QUG .

The model accounts for heat which passes through a thermal
undergarment (QUG). That is, in both the shirtsleeve and suited
subroutines, the undergarment temperature is determined by balancing
heat transferred from the skin to the undergarment by conduction
with heat transferred away from the undergarment by radiation and

convection, Specifically:

KUG(_T(I) _ TUG(T))= QSEN + QRAD

where KﬁG = undergarment conductance.

For those skin compartments covered by the undergarment, heat
and mass transfer occurs from the undergarment to the gas stream
or wall. For those skin compartments not covered by the undergerment
(head, hands, and feet), heat and mass transfer occurs from the skin

directly to the gas stream or wall.



ACTIVE CONTROLLERS*

Thé body has four primary controllers for maintaining itself in
an essentia%ly isothermal sﬁate. ‘These are: )
a. Sweat production. ‘

b. Shivering.

c. Vasodilation

d, Vasoconstriction

*NOTE: The equations describing active human thermoregulatory
control are highly empirical. The state of the art is such that

these equations are especially subject to change.

21
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SWEA

Active sweating i1s initiated when all other mechanisms of heat
removal are insufficient for dissipating metabolic heat production.
As body teméeratures rise and heat storage (QSTOR) increases, tem-
perature sensors in the skin and fhe hypothalamic region of the brain
detect deviations and activate the sweat glands. It is not surprising
then, that tﬁé equation describing the control of sweat is a function
of the positive deviation of the head core, muscle, and skin compart-
ment temperatures from their normél or set point values. . In fact,
J. B. Pierce Laboratories has empirically described sweat production

as: SWEAT = 73.481L <T_core' Toore Set) head(;gK(I) (T(1) - TSET(I) +

S K(I)(T(J) - TSET(J) ) ), Btu's/hr I = all skin compartments
d , J = all muscle compartments
where the K(I)'s and K(J)'s are constants based on the weighted mass

=1 gh
of eaca compartment. The equation is only valid for positive devia-

. ]
tions greater than zero. Furthermore, if the head core (hypothalamic)

signal is zero, sweating is terminated throughout.
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QSHIV

Active shi.vering is .analagous but exactly opposite to sweating.
The body shivers to effectively increase metabolic rate in order to
compensate for excess heat loss. The QSHIV' signal is identical to
the SWEAT signal, except in the opposite direction. Again, all

deviations less than zero are cancelled out. Hence:

QSHIV = 73.4814 (T ) . (ZR(I)(TSET(I) - T(I))

head I = all skin compartments

+23K(J) (ISET(J) - T(J))), Btu's/hr
J = all muscle compartments

- 7T
core set core



DILAT :

Vasodilation is the controlled enlargement or dilation of blood
vessels to the extremeties (skin compartments). In a hot environment,
the body atfempts to deliver more blood from the critical deep tissues
to the less important extremeties. By increasing blood flow to the
skin compartments, more heat is carried away from the muscle and core
compartments. This has the effect of maintaining stable deep body
ﬁemperatures while elevating skin temperatures. The high ékin tem~
peratures, in turn, activate or increase the SWEAT mechanism. It
is reasénable then, that the vasodilation control, activated when
the body is storing heat, is influenced by the same factors as the
SWEAT mechanism. In fact, vasodilation has been empirically deter-
mined to be:

DILAT = SWEAT/4 1bs /hr

P



STRICT

Vasoconstriction is the controlled éonstriction of blood ves-
sels to the muscle and skin éompartménts in order to conserve heat
in the critical head and trunk core regioné. In a cold environ-
ment, the body attémpts to maintain normal core‘temperature in
the head and trunk at the expense of all other regions. The
vasoconstriction mechaéism does not require a head core sigﬁal as
does vasodilation. The assumption is that the body would like to
prevent shivering at all costs. Thus, blood flow to all muscle
and skiﬁ compartments is restricted in.an attempt to maintain an

isothermal head core temperature and avoid shivering. Vasoconstric-

tion is empirically determined to be:

STRICT = 01961 (=2 K(I)(TSET(1)- T(I)
I = all skin compartments

+ Z2K(JI) ((TSET(J)-T(J))) 1bs/hr
J = all muscle compartments
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2.0° MODES OF OPFRATION

k)

2.1 SHIRTSIEEVE MODE
Subroutine SHIRT considers a man in'a spééecraft, or for that

matter, any environment, wearing an undergarmenﬁ with variable
properties. The heat transfer paths are shown schemabtically in
Figure 4. The cabin or environmental conditions may be constant

or read in from a table. For the shirtsleeve mode, the human
thermal environment is strictly input. The man model is broken up
into the usual number of compartments,w?th each compartment seeing

the same environment.
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QSEN
The convective heat transfer for each skin'compartment in the
éhirtsleeve environment is calculated from:
QSEN = .oélz*ACE(I) %* (PCAB * VCAB)** .5*:('1’UG(I) ~-T€AB)+
for forced convection, and
QSEN = .06 * ACE(I) % (PCAB ** 2 % G * ABS(TUG(Z) - TCAB)) ** .25
* (TUG(I) - TCAB)

for free convection.

Both of these expressiong are derived from an analysis of flow
perpendicular'to a vertical cylinder, utilizing the dimensions of
the avefage astronaut, Expressions resulting from evaluation of
flow parallel to a flat plate are not appreciably different. For
environments in a gravity field (G>0), the larger of forced or free

convection coefficients is used to calculate QSEN.

*NOTE: Equations using the symbols * for multiplication,
*% for exponentiation and / for division are written
in Fortran. .
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EMAX
The ma%imﬁm evaporafive capacity in the shirtsleeve mode,
EMAX, is calculéted for each skin.compartmenﬁ from:
EMAX = .126 * ACE(I) * (‘(TCAB + 460.) ** 1.0L) *
VEFF/100 * SQRT (VCAB/PCAB) * (V’PP(‘TUG(I) - VPP (TDEW)), Btu's/hr
for forced convectiqg.
and
EMAX = 1.32 * ACE(I) * (TCAB + 460.) * (VPP(TUG(I) -
vPP(TDEW)) *(PCAB * G *(ABS(.005%PCAB ¢ (TUG(I) - TCAB) +
1.02 * (vep(TUG(I) - VPP(TDEW)))) %% ,25/PCAB, Btu's/hr

for free convection.

‘Both of these expressions are'derivedvby applying the heat-mass
transfer analogy to the vertical cylinder model discussed previcusly.
Again, for environments in a gravity field, (G>0) the larger of the

two mass transfer coefficients is utilized to calculaté EMAX,



QRAD

Radiation heat transfer for each skin compartment is calculated

in subroutine SHIRTby:

QRAD = L1TL3E - 8 * ARE(I) * & %  (TUG(I))+ L60) ** h -

(Tw + 460) ** &) , Btu's/hr

where & = EUG * VF
EUG = undergarmént emissivity

V¥

it

view factor, body to cabin

This expression is derived from analysis of one gray body
completely enclosing another with the enclosing surface area (wall)

much larger than the enclosed surface area (man).
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2.2 SUITED MODE
The space suit is treated in much the same menmer as is the
man. That is, it is divided into compartﬁents, one. suit compartment

for each skin compartment. This is illustrated in Figure 5.

There are several modes of space suit operation that are
considered. These are as follows:

1. EVA

2. IVA

3. Helmet off

4. Purge flow

The EVA mode is utilized during extravehicular activity. _Suit
inlet gas from the applicable environmental control system (currently,
the PISS) enters the suit and is diverted to the helmet through a
duct. The flow then passes to the trunk area and is then split,
with T5% going to the arms and hands and 25% to the legs and feet,
where it is collected in ducts and passed out of the suit. The

flow paths are shown in Figure 6.

The IVA or intravehicular mode follows the same path as the
EVA mode, except the flow is initially split ﬁetween the helmet and
trunk as it enters théAsuit. The armsand hands receive 60% of the
flow, while the legs and feet receive 40%. The flow path is shown

schematically in Figure T.



. The helmet off mode 1s shown in Figure 8. Flow is reversed

. 80 that it is directed into the ducts, over the extremities, and

out of the helmet neck ring.



S

_Purge flow operation is utilized whem dry ventilation gas enters

I

the suit and is not to be recirculated. The purge option can be used

with any of the three suited modes.



LR A - Y

f ~'SUTT THERMAT, ANATYSIS
i ' CONSIDERS:
- (1) HELMET SEGMENT

(4) HAND SEGMENT

(5) IEG SEGMENT

S i o .t e H
IV SRS T PRI S UL Ky APRUDII SIS Soie L N I S A U



Figure 6 - Extravehicular Operation



« Intravehicular oporation
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" The 'hedt transfef paths for a suited crewman are considerably

" more ccmplex than those for a shirtsleeve érewnwn. They are shown
schematically in Figure 9. The sﬁit inlet conditions are cénstant,

or may be read in from a table. For the suited mdde, the thermal
environment is calculated, based on suit inlet conditions and the
particular crew tasks being considered. That is, the inlet conditions
for each sult compartment depend upon the outlet conditions from the

previous compertment in the appropriate flow path (Figure 6, 7, or 8).
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QSEN

Convective heat transfer for each skin compartment in the suited

environment is calculated from:

Fe@x(we(r) - (1)), Bt.u’s/hr

QSEN =
where FC = .134% * wox¥1/3x% ac(1)

" WG is the gas flow rate, in 1bs/hr and

TG(I) is the log mean gaé temperature for each compartment.

v

The heat transfer coefficient (FC).is determined by considering
fiow through a duct. This yields results thalt correspond well with
test data. The log mean gas temperature, TG(I), is a complex
logarithmic expression fhat is calcul;ted by cousidering heat
transfer from two flat surfaces (suit interior and skin) to an

elemental volume of flowing gas. Specifically,

Ta(I) = T(I) - (TM(I) - TGIN(I)PWa(I) * cre/(2. * FC(I))

% (L. - EXP (-2. * Fo(I)/(wa(1) * cpa))) , °F
where ™(I) = (TUG(I) + TIS(I))/2.

Thus, the outlet gas temperature for each suit compartment is a
function of QSEN and also QISG, the convective heat transfer from

the inside suit surface to the gas stream.
Accordingly, we can write for each suit compartment:

WG(I) * CPG * (TGOUT(I) - TGIN(I)) ="QSEN + QISG

where QISG = .13h * Wex%*1/3 % ACSUT(I) * (TIS(I) - TG(I)). -

= N

. B

i i
e i e PR ST UG |



This- expression is solved for the gas stream
TGOUT(I), and this, in turn, is set equal to
temperature for the next suit compartment in

flow path.

outlet temperature,
the gas stream inlet

the appropriate gas

L



b2

The maximum evaporative heat caﬁacity'for the suited mode,'EMAX,
is calculated for each skin compaétment by:
EMAX = WG(I) * §%§§ * PG * (PH200(I) - PH2OI(I))* 1040, .

Btu's/hr
where RMIX is the gas constant and

PH20L(I) is the water vapor partial pressure inlet to each

suit compartment (in psia).

The maximum water vapor partial pressure outlet for each suit
compartment, PER00(I), is equal to the inlet partial pressure plus
the maximum quantity of water evaporated info the gas stream by
mass transfer, latent respiration and diffusion. The pertinent
equation for convecﬁive mass transfer 1s a complex logarithmic
expression that considers mass transfer from an elemental area of

one surface (skin) to a flowing gas.
Specifically, for each compartment,

PH20O(I) = PHROI(I) + (VPP(WG(I)) - PHoOI(I)) *

(1.~ EXP (-CMT * PG * ACE(I) * 1kk./(RMIX * WG(I) * (T6(1) + 4600))),;
. CMT is the mass transfer coefficient determined tp be:
CMT = (.00866 * WG ** 1/3 % (T6(1) + 460.) ** 1.53)/kc

The mass transfer coefficient is calculated by applying the
heat - mass transfer ahalogy to the heat transfer expression for

flow through a duct. Again, this gives reasonable agreement with
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test data. The mass transfer is considered to result from the
differential between the water vapor pressure evaluated at skin
'tempgrature ahd a log mean gas stream partial pressure, derived in
much the same manner as the log mean gas temperature described
previously. As in the heat transfer analysis, the gas flow path of
the appropriate suited mode is utilized. The outlet partial pressure
of one suit compartment is equated to the inlet partial pressure of
the next suit compartmeht in the flow pafh. .However, to'determine
the actual partial pressure in each suit compartment (versus the
maximum), the calculated value of EMAX is compared with SWEAT. The
minimum of these two quantities is added to lung_respiration, skin

diffusion, and the inlet partial pressure to determine the correct

It should be notéd that both skin diffusion and lung

respiration utilize the partial pressure calculations described above.
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QRAD .

Radiation heat transfer for each skin compartment is calculated

in subroubtine SUIT by:
QRAD = .1T13E-8 % ARE(I) * % % ((UG(I) + 460.) #* & - (TIS(I) + L60.)*xl)

Where éﬁb is the interchénge factor for one gray body completely sur-
rounding another gray body of similar surface area. For the case of a

space sull surrounding a man,

‘% = (8uc * BIS) / (EIS + EUG - EUG * EIS)

The radiafion heat leak of‘the crewman to the inside suilt
surface is, of course, limited by the amount of radiatioﬁ that can
actually get through the suit and into the environment. That is to
say, the net radiation heat transfer from the man to the suit interior
depends upon the suit interior surface temperature. This, in turn,
Adepends upon the net heat leak through the suit. Consequently, we
need to consider all factors affecting sult interiocr surface tempera-
ture. In addition to QRAD, this also includes radiation and convection

from the outer suit surface to the environment (QOSW and QOSA), and

convection from the inner suit surface to the suit gas stream (QISG).
The appropriate equations for each compartment are:

QOSW = .1713 E-8 * ARSUT(I) * ‘& * ((Tos(I) * L6O.) **

L - (TW + L60.) ** L) 5 Btu's/hr



where L= VF * EOS

for a suited crewman situated in an enclosed cabinj or

QOSW = .1713 E-8 * BOS * ARSUT(I) * (TOS(I) + 460.) ** L)
- QASRB(I) * ARSUT(I), Btu's/hr
for a lunar surface or EVA case where absorbed heat, QASRB(),is

known .
QOSA = .0212 * (PCAB * VCAB) %% .5 % ACSUT(I) * (TOS(I) - TCAB),
Btu's/hr

and finally,

QISG as given previously in 2.2.2.

A heat balance is performed on the outer and inncr suit surfaces
utilizing the above terms. .The resulting equations permit computation

of TIS(I) and QRAD. Specifically,

WS % CPS.  * (TOS(I) - Tos(I))
(2. *DTIME)
= K * ACSUT(I) (TIS(I) - TOS(I)) - (QOSW + QUSA)
L
and
WS * CPS (TI8(I)" - TIS(I)) = QRAD - QISG - K * ACSUT(I) *
. I, ’

2. * DTIME

(Tlé(i) - T0s(1))

hs



L6

where K, WS, CPS, and L are space suit properties and TOS(I)' and
TIS(I)' are oufer and inner suit surface temperatures computed after

each time increment DTIME.



i

: ;
3.0 MISCELLANEQUS CAILCULATIONS

In additidn to the operafional modes described in Sections >2.l
and 2.2, the model has the capability of gomputing carbon dioxide
(002) concentration in the space suit helmet, and carbon dioxide,
humidity, and temperature levels in a post—landing or sealed
environment. Carbon dioxide, water, and heat are generated by the
crew into a closed environment. This closed environment ma& be a
space su?t or a spacecraft of wvariable wolume. Depending upon the
flow through the closed enviromment (if any), all three waste products
will build up to some steady state level. The humidity and tempera-
ture determinations in a space suit have already been described.

The peost-landing and helmet 002 analyses are preéented, along with
their pertinent differential equations, in Figures 10, 11, and 12.
As in all previous fransient calculations, the program utilizes a

forward difference procedure with time increment DIIME.
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CABIN TEMPERATURE ANALYSIS F\

: c/T N
Teas »
Qsen Qgen -AseN
-]
- O O O .
¢
aTpn : 2 A
‘ - —— _ - - mC T
ne, g WUMEN - (QSEN) + mC. Ty Yarr * Ycomons ~ "CpTcas
TIME
m = mass of azbin gas
= Volume (PCAB/(RMIX (TCAB + hSO.D , Ilbs
C, = Specific heat of gas, Btu/lb - °F
TIN = Gas inlet temperature
m = Gas flowAthrough cabin, 1bs/hr

NUMEN = Number of men in cabin

TW = Wall Temperature

D _ . -y > - - f hr
Unrr, = Heat transfer from cabln_gas to wall - h AS(TCAB W), Btu/h
As = Cabin interior surface area 1
h - Flat plate heat transfer coefficient = (.0212) (P -V )2=

_ | 5 A CAB ' 1CAB
‘forced convection; = (.06) (PCAB (G) ABi(TCAB - T}D) =free
convection '
Q = Heat added to (removed from) gas stream as a result of
CONDNS . . -
water condensing (reevaporating) on the wall =
by (PH20 - PHoOL), Btu/nr
o s 1.0k
h, = Flat plate mass transfer coefficient = (.15) (TCAB + 460.)
2 | ; 1.323
(VCAB/PCAB) -forced convection; =( izzg? (TCAB + 160.)

.

P ".ABS (.005 {PCAE) (PCAB- Th . | -
(Popp G 485 (005 {PCAR) (PCAB- TH) +(1.02) (P20,
1

PH2O.., }))* — free convection

: FIGURE 1
fABS denotes absolute value GUE 0



L9

CABIN DEWPOINT ANALYSIS

H
2O

TWALL

aio C o+ NUEN SLATENT _ QCONDNS . |
T oT2TIN 10L0. ~ ~1oLo. 2°0UT
H2O = 1bs of water in cabin
B0y = Dbs of water/hr into cabin
3%%%%E§ = Ibs/nr of water condensed (reevaporated) onto walls
H0uyy = Lbs/hr of water out of cabin
= HEO

Cabin Volume CkM

CFM = Volumetric flow through cabin, ftB/min
_ (50 1/144

Specific hunmidity in cabin

= - - N . 3
Cabin Volume  Feaw amx  Cleap * #00+))

1bs Héo
Tbs gas

'Cabin dewpoint is then determined from phychrometric charts.

FIGURE 1L



CABIN/SPACE SUIT HEIMET CO, ANALYSTS

€% our il 1 | : / €%
:. "7 - . . . : '
R . Yo .
LW/ W
d(COQ) :
- = CO,. oy + NUMEN (METABOLIC 002) - 002 oUT

CO, ;y = Atmosphere CO, (or helmet inlet CO

Metebolic €O, = (.000189) ®M, Ibs/hr

co - 9% ' -

2 ouT o ), 1bs/br
cabin or
helmet

FIGURE 12

2

level), Ilbs/hr

50



APPENDIX A

Explanation of Subscripts

For variables concerning the body (T, BF, QET, QCOND, QLAT, CONV, QDIF,
c)
1 = head core

2 = head skin

% = Trunk core

4 = Trunk muscle
5 ='Trun£ skin
6 = Arm muscle

7 = Arm skin

8 = Hand muscle
9 = Hand skin

10 = Ieg muscle
11 = Leg skin

12 = Foot muscle
13 = Foot skin

14 = Central blood
15 = Average skin

16

1t

Average muscle

For variables concerning the garment and suit (TUG, TIS, TOS, TG, QICG,

i‘“; FR)
1 = Trunk zone L = Head zone
2 = Arm zone 5 = Hand zone
% = Leg zone 6

= Foobt zone



n

Temperature of the Head Core

T(1) = T(1) + DPME * (QMET(1) + QCON(1) - QLAT(1) - QCOND(1) - QRSEN1)
c(1)
c(1) = 8.553

QMET(1) = 49.2825
QLAT(1) = 0.5 * 0.0418 ¥ PCAB * 1LL.0/(L48.3 % (ICAB + L460.0)) * RM *
VPP (T(1) + T(%))/2.0) - 0.8 * VPP (TDEWC) * ((18.0 * 10L0.0)/
(3210 * PCAB)) For shirtsleeves and helmet off
or QLAT(1) = 0.5 * 0.0418 % PG * 1L4k.0/(48.3 * (TG(L) + 460.0)) * RM *
(vPP ((T(1) + T (3))/2.0) - 0.8 * ((PH20T(L) + AMINI
(PH2OL, PH200(L)))/2.0)) * ((18.0 * 1040.0)/(32.0 * PG))

Por normal suited IVA and EVA modes

QCONV(1)

BF(1) * (T(1h) - (1))
QCOND(1) = 5.798 * (T(1) - T(2))
QRSENL = For normal suited IVA and EVA modes
0.5 * 0.0418 + pg * ihh.o/(h8.5 * (Ta(L) + L60.0)) * RM *
(((2(1) + 7(3))/2.0) - Ta(k)) * cre
- For shirtsleeves and helmet off
0.5 * 0.0418 * PCAB * 14L.0/(L48.3 % (TCAB + L60.0)) * RM *

(((e(1) + 7(3))/2.0) - TCAB) * CPG

Central
Blood
(Convection)
Lungs Y
(BEvaporation Head
and respiratory ¢—— Core
sensible)

QMET(1)

Y

) Condudtion'to
N Head Skin




Temperature of the Hezd Skin

T(2) = T(2) + DrE * (goowp(1l) + QET(2) + qoov(2) - qrar{e)
- oSEN(2) - qraD(2) ~ qrea(h))
¢{2) = 0.5511

eomn(1) = 5.798 * (T(1) - 7(2))
QMET(2) = 0.%968
QraT(2) = QpIF(2) + AMINL (0.1 * SWEAT, EMAX(2))

coonv(2) = BF(2) * (T{14) - T(2))

QSEN(2) = HC * (TUG(l4) - TCAB) For shirtsleeves and helmet off
\ = po(L)(Tuc{l) - Ta(k)) For suited EVA =nd IVA
QRAD(2) = mr ¥ (TUG(L) -~ TW)  For shirtsleeves and helmet off

FR(:) * ((TUG(L) + 460.0) *¥ L ~(TIS(2) + 460.0) ** L)
For suited IVA znd EVA

qIcc () = 0.0

Conduction From Core

N4
Head
Skin
Tgtent Leat e e Convection from
T = EX
° Mr QEL(2) Blood
Radisgtion to Wall or
Suit (QRAD)

l

Convection to Air.



Temperature of the Trunk Core

T(5) = T(3) + DIDE * (QMET(3) - GEONV(3) + QLAT(3) - QCOND(3) - QRSENS
o) = 15500 -
QMET(3) = 179.3536
QLAT(S) = 0.5 % 0.0418 * PCAB * 1&&.0/(&8.3 * (ICAB + 460.0)) * RM *
VPP (T(1) + T(3))/2.0 - 0.8 * VPP (TDEWC) * ((18.0 * 1040.0)/
(3210 * PCAB)) For shirtsleeves and helmet off
or QLAT(3) = 0.5 * 0.418* PG * 14h.0/(48.3 * (TG(L) + 460.0)) * RM *
VPP ((T(1) + T(;))/e.o) -~ 0.8 * ((PH2OI(L) + AMINI
(PH20L, PH200(4)))/2.0)) * ((18.0 * 1040.0)/(32.0 * BG))
For normal suited IVA and EVA modes
QooNv(3) = BF(3) * (2(1b) - 2(3))

QCoND(3)

it

10.691 * (T(3) - T(L))
QRSEN?

it

For normal suited IVA and EVA modes

0.5 * 0.0418 + pg * 1&&.0/(&8.3 * (TG(4) + 460.0)) * RM *
(((r(1) + 7(3))/2.0) - TG(k)) * cPG’

= For shirtsleeves and helmet off

0.5 * 0.0L18 * PCAB * 1LL.0/(L8.3 * (TCAB + 460.0)) * RM *

(((m(r) + T(3))/2.0) - TCAB) * CFG

Convection from Blood

d
. TRUNK CORE
(Lungs Evaporation ‘
and Respiratory QET(3)
Sensible): v
i.

Conduction to Muscle



Temperature of the Trunk Muscle

(k) = T(L) + DPTHE * ( Qcoz;m(;) + QMET(L) + qconv(h) ~ qeowp(h))
: GOR .

c(h) = 21.9337

QCOND(%) = 10.69L * (T(3) - T(4))

QET(L) = 17.062% + 0,417 * (WORK + QSHIV)

eowv(h) = BF(L) * (T(14) - T(4))

ccomD(h) = 29.759 * (T(L) -

T(5))

Conduetion from Core

|

Trunk
Muscle .
) <§_____ Convection from
Blood
.Q}.‘.ul(h-)

Conduction to Skin



Temperature of the Trunk Skin

T(5) = T(5) + DEDEx ( ocomd(h) + QEI(5) + coonv(5) - QLAT(S)
- GSEN(5) - QrRAD(5) - QICa(1))
¢(5) = 2.8216

acown(h) = 29.759 * ( T(L) ~ T(5))
2.0

N

QET(5) = 2.0236
QLAT(5) = QDIF(5) + aMINl (0.6 * SWEAT, EMAX(5))
qeonv(5) = BF(5) * ( T(14) - 7(5))
QSEN(5) = HC * TUG(1L) - TCAB For shirtsleeves
Fo(1)*(TUc(1) - Ta(1)) For suited
GRAD(5) = HR * (TUG(1) - TW) . ' For shirtsleeves
FR(1) * ((TUG(1) + L£€0.0) *% b ~ (TIS(L) + 460.0) ** k)
For suited modes
QICG(1) = PCFLO(1) * WF * CPW *(TWO - TWI)
Conduction from Trunk Muscle
v
o TRUNK. -—-——% Iatent Hesi
Convection &m0 SKIN ~to Alr
to Air
QMET (5) | Conduction to
‘ 1cG (option)

o

QRAD Convection from Blood



Temperature of the Arm Muscle

T(6) = T(6) + IrE  * (QET(6) + QConv{s) - qCOKD(6))
c(d

c(6) = 8.553

QET(6) = 6.19 + 0.19 * (WORK + QSHIV)
QONV(6) = BF(8) * (T(1k) - T(6))
qeonD(6) = 9.699 * (T(6) - T(7))

Arm
Muscle
&~ Convection from
Blood

QEL(6)

Conduction to Arm Skin



Tenperature of the Arm Skin

T(7) T(7) + DIDME * (QCOND(6) + QET(7) + qConv(7) - QIAT(T)
c(7) ,

‘ - QSEN{T) - QRAD(7) - QICG(2))

c(7) = 1.70.9%4

eeorD(6) = 9.699 * (1(6) - T(7))

QET(7) = 1.23

QLAT(7) = QDIFF(7) + AMINL (0.1 * SWEAT, EMAX(T))

qeonv(7) = BF(T7) * (2(14) - (7))

QSEN(T7) = HC * (TUG(2) -~ TCAB) For shirtsleeves
= F¢(2) * (Tue(2) - 7¢(2)) For suited modes
QRAD(7) = HR * (TUG(2) - TW) For shirtsleeves
= FR(2) * ((tuc(2) + 460.0) ** b - (TIS(2) + L60.0) ** L)
For suited modes
QIea(2) = PCFLO(2) ¥ WF ¥ CPW ¥ (TWO - TWI)
Conduction from Arm. Muscle Convection to Air
| \ 1
ARM
QRAD ‘<?—_~"——‘ SKIN — Lateﬁt Heat
QET(7) - to Air

Conduction to
LCG

Convection from Blood



Termperature of the Hand Muscle

7(8)

?(8) + DTIME * (QMEI(8) + eonv(8) - qoown(8) )
c®)

i

il

c(8) = 3.218k
QET(8) = 2.3014
QCONV(8) = BF(8) * (T(1k) - T(8))

QUOND(8) = 6.349 * (T(8) - T(9))

Hand
Muscle £ Convection
QET (8) . from Blood

l | :

Conduction
To Hand Skin



Temperature of the Hand Skin

i

T(9)
c(9)

0.4408

il

c(9)

qeOND(8) = £.349 * (T(8) - T(9))

QET(9) = 0.31L7h

T(9) + DPDE  (qCOND(8) + QMEI(9) + qCoNV(9) - QLAT(9)

- QSEN(9) ~ qraAD(9) - QILG(5))

QIAT(9) = QDIF(9) + AMINL (0.02 * SWEAT, FMAX(9Q))

QeONv(9) = BF(9) * (T(14) - T(

2))

QSEN{9) = HC * (TUG(5) - TCAB) For
= Fe(5) * (TUa(5) - 176(5))  For
QRAD(9) = HR * (TUG(5) - TW) For
= HR(5) * ({TUc(5) + 460,0) ** L
For

QICG(5) = 0.0

shirtsleeves
suited mcde
shirtsleeve
- (115(5) + L460.0) ** L)

suited modes

Conduction from Hand Core

|

Convection &—v
to Air '

Hand
Skin

QMET (9)

S GRAD

g&— Convection from
Blood

T

Igtent Héat_to

Adr

10



Temperature of the Leg Muscle

T7(10)

i

c(1o) = 25.

it

c(10) ‘

QET(10) = 18.5702 ¥ 0.393 * (WORK + QSHIV)

QCORV{(10)

eoND(10)

]

i

BF(10) * {(T7(1L) - 7(10) )

9.435 * (T(10) - T(11))

[

Convection from Blood

!

7(10) + DIOE * (QETL(10) + CONV(10) - QCOND(10) )

Leg
Muscle

QUET (10)

——> Conduction to
Teg Skin

11



Temperature of the Leg Skin

7(11) = T(11) + proE  (oeomp(10) + @ET{11) + ecomv(il) - QrAT(1i1)

c(in)

- QSEN(11) - grAD(11) - qrcc(3))

c(11) = %9017

qeonD(10) = 9,435 * (T(10) - T(11))

gEr(11) = 2.8172

QLAT(11) = QDIFP(11l) + AMINL (0.16 * SWEAT, EdAX(11))

ceonv(iL) = BrR(11) * (r(1L) - 7(11))

QSEN(11) = HC * (TUG(3) - TCAB)

For shirtsleeves

TC(3) * (TUG(3) - TG(3)) TFor suited modes

QRAD(11) = HR * (TUG(3) - TW)

For shirtsleeves

FR(3) * ((TUG(B) + L60.0) ¥* L - (TIS(Z?)'TLE((JO.O)** i)

QICG(3) = PCFLO(3) * WP ¥ CPW * (TWO - TWI)

For suited mcdes

" Conduction Trom Leg Muscle

\’

Convection
from Blood

Leg Skin
QUET(11)

> QRAD

Conduction to 1CG

. Convection to Air

N\

Latent Heat to Air -



Temperature of the Foot Muscle

T(12)

T{12) + DITVE

c(iz)

¢(12) = 6.2825

QET(12) = L.5235

qeonv{ia)

QCOND(12)

il

]

BF(12) * (T(14) - r(12))

h.766 % (7(12) - T(13))

* (QET(12) + QCoNv(12) - qcoNn(12))

Leg
Muscle

QET(12)

< Convection from

Blood -

Conduction to Ieg Skin

13



1k

Temperuture of the Toot Skin

7(13) = T(13) + DIDME % ( QCowD(12) + QET(13) + qeomv(1i3) - QUAT(13)
c(13)
- QSEN(13) - QRAD(13) - QICG(6))
Q(13) = 0.6613 |
qeonp(12) = h,762 * (T(12) - T(13))
MET(13) = 0.4761
oIAT(13) = QDIF(13) + AMINL (0,02 * SWEAT, EMAX(13))
eeonv(13) = BF(13) * (2(1k) - T(13))
qsEN(13) = HC * (TUG(6) - TCAB) For shirtsleeves
‘FC(6) * (TUa(6) - TG(6)) For suited modes
GRAD(13) = HR * (TUG(E) - TW) For shirtsleeves
FR(6) * (TUG(6) * 460.0) ** L - (TIS(6)+160.0) L)
For sulted modes

Qicc(6) = 0.0

Conduction from Muscle

Foot
Skin

—— Convection from Blood
QMET(13) —— = Convection to Air

I

Tatent Heat to Air




Temperebure of the Centrzl Blood

4 ' 3 .
T(1k) = T(14) + DIOER( - 7 (qoonv(T)).

QCONV(I) = Br(I) * (T(1k) - T(I))

BF(1) = 105.897

Br(2) = 2.647 + 0,056 * DILAT

BF(3) = 503.013

BR(L) = 22,062 + QET(L)

BF(5) = 2.2062 + 0.3 ¥ DITAT - STRIC

Br(6) = 6.618 + gET(6) + BF(9) - STRIC
BF{7) = 1.10% + 0.2 * DILAT - STRIC
BF(8)

B¥{9) = 8,824 + 0,1 ¥ DILAT - STRIC

[

]

1.103 - STRIC

Br(10) = 17.6%9 + @ET(10) + BF(13) - STRIC
BF(11) = 2.206 + 0.294 * DILAT - STRIC
BF(12) = 2.206 ~ STRIC

BF(13) = 6.618 + 0.05 ¥ DILAT - STRIC
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Average Skin Terperature

T(15) = 0.056 ¥ T(2) + 0.276 * T(5) + 0.173 * T(7) + 0.043 * (7(9)

+ 0,383 * T(11) + 0.069 * T(13)

Average Muscle Tempersture

P(16) = 0.47L * T(L) + 0.136 * T(6) + 0.393 * T(10)

16



